ABSTRACT: Blowouts are wind-eroded landforms that are widely distributed in the north-eastern part in Qinghai-Tibet Plateau (QTP), China. These blowouts are thought to form in response to climate change and/or human activity but little is known about their morphodynamics. Using field surveys, remote sensing and geographic information system (GIS) spatial analysis, the distribution and morphology of blowouts are analysed and their initiation considered. Results show the QTP mega-blowouts are some of the largest in the world. The orientations of the trough shaped blowouts are parallel with the prevailing wind, but the saucer and bowl-shaped blowouts are influenced by bi-directional transport. Whilst regional patterns of blowout shape and size were observed to reflect the extent of aeolian sediments and wind regimes, the relationship between the different morphological parameters showed consistency. During initial stages of development, the length to width ratios of blowouts increase rapidly with area but after they reach a mega size this relationship stabilizes as blowouts widen. Initial luminescence dating shows that blowouts appear to have initiated 100 to 500 years ago, coinciding with the Little Ice Age (LIA) climate event when northwest winds are known to have intensified. Further work is required to confirm this initiation period and establish the significance of mega blowouts for landscape degradation and human activities.
Introduction
Blowouts form due to aeolian deflation of sand from dunes. Deflation forms concave bowl or saucer shaped hollows and down-wind sand is redeposited as an apron (Hesp and Hyde, 1996; Hesp, 2002) . Blowout depressions in dunes are found across all latitudes, in arid and semi-arid sandy grasslands and coastal zones (Hugenholtz and Wolfe, 2006) . The morphology of blowout depressions is variously described as sand patches, shallow saucers, bowls, or troughs, reflecting the different stages of their development (Hesp, 2002; Hesp et al., 2016) . Most blowout depressions are less than 15 m deep Wolfe, 2006, 2009; Hesp et al., 2016) . However, our recent field surveys have revealed that the mega-blowouts at the north-eastern margin of the QinghaiTibet Plateau (QTP) are much larger, exceeding 40 m deep and up to 1000 m long. Systematic studies of the present day spatial distribution, morphology and history of these blowouts are needed to determine how and why these types of massive deflation landforms are developing in QTP.
Previous investigations of blowout dunes have focused on the role of aerodynamics (Fraser et al., 1998) , wind regime (Jungerius et al., 1991; Hesp et al., 2016) sedimentary structure (Villanueva et al., 2011) , and are mainly restricted to coastal dunes (Jungerius and Meulen, 1989; Hesp and Pringle, 2001; Smyth et al., 2012) . Once formed, it is thought that blowout growth is limited by negative feedbacks between topography and airflow (Livingstone and Warren, 1996) . Long-term field monitoring indicates that blowouts reach a critical point in their evolution when wind erosion drops to very low levels at the bottom of the erosion pan (Hugenholtz and Wolfe, 2006) . Some geomorphologists have speculated that their formation is typically linked to the reactivation of fixed dunes, the creation of blowouts is therefore seen as a geomorphological response to climate change or a response to land degradation and overgrazing Wolfe, 2006, 2009; Zhang et al., 2006; Hesp et al., 2016) . As they develop, blowouts have a positive feedback which causes further reduction of vegetation (land degradation). They may also cause the release of dust into the atmosphere which has a detrimental effect on air quality (Dong et al., 2017) . Based on ensemble models, the Intergovernmental Panel on Climate Change (IPCC) (Stocker et al., 2014) predicts that most arid and semiarid areas on Earth will become drier over the next century.
Of particular concern is the fact that dune reactivation may occur over far shorter (decadal versus millennial) timescales than dune stabilization (Hugenholtz and Wolfe, 2005; Thomas et al., 2005; Barchyn and Hugenholtz, 2012) . However, the scarcity of detailed investigations into blowouts means that much remains unknown, especially at the regional scale and in inland settings.
Blowouts are widely distributed across China, including the Mu Us desert, Otindag, Horqin and Hulunber sandy lands (Zhang et al., 2006) . Previous studies have investigated blowout pattern classification and development (Zhang et al., 2006) , form-flow interaction and vegetation succession (Zhang et al., 2008) . These show that the blowouts in the grassland areas are mainly formed by the combination of arid climate and the interference of high intensity human activities. The Gonghe Basin in the QTP (Figure 1) is located in the cross-section of the westerly wind and Asia and India monsoon. This is an important part of China's desert-loess boundary belt. The unique geographical location and fragile ecosystem make it extremely sensitive to global change, and a key area to study the effects of climate and environmental change on the plateau's environment and surface processes (Yao and Zhu, 2006) . Despite the potential importance of these changes, understanding of their regional effect in China is limited by a lack of detailed field studies on the aeolian dune systems in remote areas such as the QTP. Some palaeoclimatological work has been carried out in the Gonghe Basin within the QTP (Dong et al., 1993) which showed that the earliest aeolian sediments in the basin were deposited in the Late Pleistocene episodically between 33.5 to 5.5 ka and since 0.78 ka from present when the climate was colder and drier than today (Liu et al., 2013; Qiang et al., 2016) . However, these studies are mostly confined to single areas, and do not compare morphology and distribution between multiple regions. There is also a lack of analysis on varied controlling factors on the morphological evolution process. In this article, we describe and analyse the distribution and geomorphology of blowouts at a number of different areas across the north-eastern part of QTP. This, in combination with their age, are discussed in terms of their evolution of development.
Research Area and Methods

Research area
The study was conducted in the northeast edge of the QTP,an area containing the headwaters of two major river systems, the Yellow River and Yangzi River (Figure 1 ). The region covers around 30.25 × 10 4 km 2 , has a complex topography (mountains, lakes, desert, steppe and river systems) and diverse vegetation types reflecting the fact that it is the transitional zone between the westerlies and monsoon climate regimes. The region has a cold arid to semi-arid continental climate with an average precipitation of 250 400 mm, mean annual temperature ranging from À0.37 3.7°C and potential evaporation of 1717 mm (Li et al., 2010) . Strong north and northwest winds prevail in spring and winter with a maximum wind speed in spring up to 40 m/s (Dong et al., 1993; Li et al., 2010; Dong et al., 2017) . The region has an average altitude of~3000 m, glaciers and discontinuous permafrost exists on mountains (Luo et al., 2014; Ran et al., 2018) . The global significance of the region for understanding continental geodynamics is widely recognized due to the rich geologic records exposed in the mountain and river systems (Qiang et al., 2016; Dong et al., 2017) .
Large areas of aeolian sand are characterized by dune fields and degraded lands that have developed in several dry basins including the Gonghe Basin and the Zoige Basin and in the source regions of the Yellow River valleys (Maduo) in the northeast edge of the QTP (Figure 1 ). The combination of a dry, cold, and windy climate with low vegetative cover contributes to wind erosion and leads to the formation of various aeolian landforms. High aeolian transport capacity combined with vulnerable land surface conditions promote various types of blowouts. These are widely distributed in this region providing a good potential to understand blowout morphodynamics.
Methods
Morphology parameters extraction Blowouts were initially identified using high resolution satellite imagery (Worldview in 2008) with a resolution of 0.5 m × 0.5 m. From these images both the edge and the shape of the blowouts were identified and extracted manually. However, due to the limitations of the image resolution, some sand patches and small sized blowouts were not easily recognized even though they were observed in field surveys (e.g. source region of Yangzi River and Shule River). Nevertheless, 2872 individual blowouts were identified from three areas (2625 blowouts from the Gonghe Basin, 169 from the Zoige Basin, and 78 from the Maduo; Table I ) using this approach. Once identified, the area, orientation and length to width ratio for each blowout were measured. Blowouts and their associated depositional lobes were defined on the basis of a combination of clearly visible top of blowout cliff edges and vegetational differences between the bare-sand of blowouts/lobes and surrounding unbroken vegetated original surfaces. For each feature a shapefile was created using the ArcGIS 10.0 software. Then the field calculator tool was used to calculate the length and width of blowouts and the Linear Directional Mean of Spatial Statistics function to calculate the orientation of blowout. Length was taken as the biggest distance within the shape file from the blowout head to the downwind margin and width as the biggest distance perpendicular to the length. Generally speaking, the blowouts' upwind margin (headwall) was very clear, nevertheless, some sections of margin at the downwind were difficult to define due to the cover of drift sand, especially for those mega-blowouts. In this condition, we determined the downwind margin of blowouts on the basis of visible erosion remnants. The resultant datasets were then analysed for each area. The remotely derived data was ground truthed in the field to establish whether it had correctly identified the presence of blowouts (as opposed to other geomorphic features). Given the lapse of time between the latest available image (2008) and ground truthing (2015), the latter was not used to verify blowout shape, size or how they were classified. The results shown in this article should therefore represent a true analysis of the blowouts distribution and morphologies as they were in 2008.
In aeolian research, it is common to adopt morphological parameters to derive the nature of the force forming geomorphological features and to allow prediction of morphological evolutionary trends (Dong et al., 2012) . We adopted descriptive statistics of the blowouts deflation area (A) and deposition lobe area (S), orientation (θ), length to width ratio (l/w) as base geomorphologic characteristics of the individual blowout ( Figure 2D ). Previous researchers have classified coastal blowout dunes on the basis of shape (Hesp, 2002; Hesp et al., 2016) . Given the order of magnitude changes in size observed in the continental and high altitude QTP blowouts an additional parameter of size has been added to the classification system used here. Adding this additional parameter better characterizes the (Table I) . Our field survey results also show that blowouts in the source regions of Yangzi, Shule and Datong River are typically smallsized or sand patches. It is difficult to extract their morphological parameters through satellite images due to the lack of high resolution imagery in these regions. Furthermore, the blowout populations in these two regions are also much smaller than the other three regions. Consequently, we focused on regions 3-5 for more detailed descriptions.
OSL dating and age determination Luminescence dating was conducted on sediments deposited in the sandy aprons deposited next to blowouts. As this technique gives burial ages, samples were selected in an attempt to date the earliest sand eroded from the blowout and deposited within the associated aprons. Such an approach was successfully used by Käyhkö et al. (1999) and Käyhkö (2007) to date the historical development of aeolian landforms during the Holocene in Lapland, Fennoscandia.
Seven samples for luminescence dating were collected from three different blowouts (representing medium and mega-size blowouts) from Gonghe and Mauo area (Figure 3 ). Three samples (MD1-400, GH1A-250, GH2A-450, indicated as 'Dep. Lobe' in Table II) were collected from the base of a deposition lobe just above the buried original surface soil using an AMS Regular Soil Auger Kit (3 1/4"). The buried original surface was clearly identifiable on the basis of increase sediment consolidation and a colour change from brown (7.5YR 4/2) to pale brown (10YR 6/3). Three additional samples were taken from the original surface (MD01, GH1-30, GH2A-480, indicated as 'Original' in Table II ). These were collected from the same three blowouts as sampled for the depositional lobe but taken from the blowout side wall. According to the deposition lobe development process, the lobe should be thinner and become younger with distance from the blowout. To verify, one additional sample (GH2B-250), was collected from just above the buried original surface soil, 10 m downwind on the same blowout as sample GH2A-450. Detailed sample information is shown in Table II Sample preparation was carried out in a darkroom with subdued red light at the luminescence dating laboratory of Key Laboratory of Desert and Desertification, Northwest Institute of Eco-environment and Resources, Chinese Academy of Sciences, Lanzhou. All raw samples were treated with 10% hydrochloric acid (HCl) and 20% hydrogen peroxide (H 2 O 2 ) to remove carbonate and organic matter. The samples were then sieved in water to select grains with the specific sizes of 90 to 150 μm. Heavy liquid with a density of 2.58 g/cm 3 was then used to extract feldspar fractions. Feldspar grains were treated with 10% hydrofluoric acid (HF) for 40 min to remove the outer layer, which was irradiated by alpha particles. Then, all samples were treated with 1 mol/l HCl for 10 min to remove fluorides created during the HF etching (Zhao et al., 2012) . In order to calculate the dose rate, the uranium (U), thorium (Th) concentrations and potassium (K) content for all samples were determined by means of Neutron Activation Analysis (NAA) in the China Institute of Atomic Energy at Beijing. All dose rate calculations (for alpha dose rate, external dose rate, internal dose rate, and cosmic dose rate) follow the detailed description in Long et al. (2014) and references therein. Infra-red stimulated luminescence (IRSL) were conducted in a Risø luminescence reader with palaeodoses (De) derived using the single aliquot regeneration (SAR) protocol of Murray and Wintle (2003) . Measurements were the single aliquot level (diameter 9.5 mm) with multiple replicates (between 6 and 12) measured for each sample. Measurements were only accepted for inclusion in age calculations where they exhibited rapid shine down, good growth curve characteristics and recycling within 10% of unity. Although the number of replicates measured per sample was low, high levels of replicate reproducibility were seen. As a result, we can have high confidence that ages based on mean De values (as calculated from the arithmetic mean) from each sample should be giving us the true sediment burial age (Table II) . Ages are presented in years from measurement (2015) with one sigma confidence limits.
Results
Distribution and morphology
Based on our field survey results and image analysis, blowouts can be found in a range of geomorphic settings from dry basins, wide river valleys, lakeshores and mountain slopes. As shown in Figure 1 , blowouts are found at the source region of the Yangzi River; Shule and Datong Rivers; source regions of Yellow River; Zoige Basin, the low-part source region of the Yellow River and Gonghe Basin, the upper-reaches of Yellow River. But, mainly distributed in Maduo, Zoige and Gonghe Basin.
Maduo
Blowouts in this region are relatively sparse, mainly being distributed around lake shores and river channels in the source area of the Yellow River. The source of sand material for the blowouts formation in this area is mainly the palaeo-aeolian sediments and modern river alluvium. The average blowout area in this region is 1957 m 2 with only a few medium-sized blowout areas more than 10 000 m 2 . The average blowout length to width ratio was 2.2 and varied between 1.5 and 2.5 (Figure 4 ). Blowout orientations are mainly concentrated between 90°to 115°( Figure 5A ), which accounts for 53% of the total blowouts population in this region.
Zoige Basin
In the Zoige Basin, the blowouts are mainly distributed in the boggy meadows and the sandy grassland along both sites of the Yellow River. The alluvial sediments and the paleo sand deposits are the main source materials for the blowouts in this area. Sand deposits are limited, as is the size and apparent rate of blowout expansion. As a result, most of the blowouts in this region are small to medium sized, with an average area of 2524 m 2 . These varied from 77 m 2 to 22 370 m 2 . The average length to width ratio in this region is 1.67, with 80% of blowouts having a ratio smaller than 2.0. The blowout orientations also show a wide range, mostly oriented in 28°to 135°( Figure 5B ).
Gonghe Basin
The Gonghe Basin is located in the northeast edge of the QTP, where blowouts have typically developed on the terraces of the Note samples described as 'Original' relate to sediments into which the blowout was formed so should be older than the blowout itself. Samples described as 'Dep. Lobe' were taken at the base of the depositional lobe and should give initiation ages for the associated blowout. Table I , only a small number of mega-blowouts have an area of more than 10 000 m 2 , and most are between 100 m 2 and 10 000 m 2 . The largest mega-blowouts reach 177 000 m 2 , and lengths of up to 1000 m (including the deposition lobe). Blowout depths, measured from the bottom of the deflation pan to the top of the erosion wall edges, varied between 8 and 40 m for the medium and mega-sized blowouts, and 0.5 and 6 m for the small blowouts, and 0.2 and 0.5 m for sand patches. Our analysis also shows that the blowout lengths and widths appear quite strongly correlated (Figure 4) . Apart from the sand patches and some small blowouts, the length to width ratio of medium and mega-blowouts range between 2 and 2.5, with an average of 2.47, which covers most of the blowouts in this site. Fewer than 10% of blowouts have a length to width ratio less than 1.5. The length to width ratio of small blowouts is the lowest. In general, the length to width ratio appears to increase between small and medium sized blowouts, but to decline for larger sized blowouts. This suggests that in earlier stages of development, blowouts mainly extend longitudinally. In the middle and late stage of blowout development, lateral abrasion of the side walls and its collapse may be the main expansion processes consistent with other blowouts (Hugenholtz and Wolfe, 2006; Abhar et al., 2015) .
The evolution of blowouts, and in particular, their orientation, may be influenced by the variation in regional winds strength and direction (Gares, 1992; Byrne, 1997) . Small blowouts show a wide range in orientation (0°-180°), whereas medium and mega-sized blowouts in Gonghe area are mainly concentrated between 90°to 160°, agreeing well with the local prevailing wind and drift potential direction ( Figure 5C ). The narrow-long shape of mega blowouts, generally oriented between 110°to 135°, are probably due to development over a long period with under relatively, stable unidirectional winds. As a secondary effect, it is also noted they occur only where topographic relief is low, minimizing air flow disturbance and localized steering.
Blowout age and potential climate proxy
The size and deflation rate should be related to the initiation age of blowouts, especially for the mega-blowouts in Gonghe Basin which show a downwind expansion trend. Even though at the initiation stage when blowout size is small (sand patches and small blowouts) and depositional lobes poorly defined, elongate blowouts exhibit a form-flow feedback. Large vortices-based flow becomes significant and lead to undermining, collapse and retreat of blowout back walls (Hesp, 2002) allowing upwind expansion (Jungerius and Meulen, 1989; Hesp and Hyde, 1996) . Our field monitoring and observations in the Gonghe Basin also reveal that mega-blowouts are prone to grow lengthwise against the prevailing northwest wind. This means that once a blowout forms, the downwind edge rapidly becomes buried under the depositional apron and is therefore more stable than the blowout sides and upwind head walls. Therefore, the sediment above the buried original surface soil horizons just in the upwind edge of the deposition lobe can be used to represent the initial age of the blowouts (Clarke and Käyhkö, 1997; Sawakuchi et al., 2008) .
Drilling at the sampled site showed that overlying the older original surfaces the depositional lobe was 3.0 m thick for B1 and 4.6 m thick for B2 in Gonghe area and 4.4 m for Maduo area. The four aeolian samples from the base of the depositional lobe yielded age estimates of 0.14 ± 0.03 ka (GH1A-250), 0.5 ± 0.03 ka (GH2A-450), 0.31 ± 0.06 ka (GH2B-250) and 0.09 ± 0.02 ka (MD1-400). As these have not been corrected for any potential anomalous fading, initiation may have occurred a little before this time. However, with only four ages which show high levels of inter-site age variability, more ages are required to better establish the timing of blowout initiation. In contrast, the stratigraphically lower original surface soil samples yielded ages of 1.16 ± 0.06 ka (GH1-30), 2.22 ± 0.05 ka GH2A-480 and 0.34 ± 0.03 ka (MD01), respectively. The ages from sediments overlying the original surface in each sampling site are, as would be expected, much younger than those beneath the original surface.
The dating results indicate that the age of mega-blowouts vary, with the oldest (B2) in Gonghe Basin dating to~500 years and the youngest blowout in Maduo area dating to~90 years (Table II) . In contrast, the pre-existing sediments before blowout initiation are around 300 to 2200 years old. Also, a noticeable dating result is that the age of 0.31 ± 0.06 ka (GH2B-250) further downwind on the depositional lobe is younger than 0.5 ± 0.03 ka (GH2A-450). Both of these age sequences therefore confirm our idea of stratigraphy and dating hypothesis.
It would appear that initial formation of blowouts in the QTP may have coincided with the Little Ice Age (LIA) as indicated by the ice core dust record in the ice cap records from around this region (Yao et al., 1991; Yang et al., 2006) . The LIA in this region of the world is thought to have started in the 1400s and extended to the 1700s (Yao et al., 1991; Yang et al., 2006) . According to the Dunde ice core (only 400 km away from the northeast of Gonghe Basin), dust content shows a linear trend increasing over the past 700 years with high dust amounts during the LIA cold period indicating strong intensified northwest winds (Yang et al., 2006) . Tree ring and lacustrine sediments records near the research area have also been used to construct a drought history for the past 500 years (Qiang et al., 2013; Yang et al., 2014; Liu et al., 2016) . Of particular note, Liu et al. (2013) reported a prominent cold and dry stage from 700 years ago associated with increased aeolian activity in the Gonghe Basin. Additionally, Qiang et al. (2013) recovered a highresolution Holocene record of aeolian activity from the sediments of Genggahai Lake in the Gonghe Basin by assuming that the lake sediment's sand fraction was transported into the lake primarily by strong winds. The period of most intense aeolian activity occurred from 200 to 100 years BP.
Discussion
Morphological parameters and their dynamical meaning
In aeolian geomorphology research, relations between morphometric data (spacing, length, height and defect density) have morphological significance (Ewing et al., 2006; Ewing and Kocurek, 2010) . These parameters tend to change as a function of time. In this article, we use the characteristic morphological parameters to assess the morphological evolution of blowouts. As Figure 6 shows, the cumulative frequency curve of the blowout areas is smooth with a similar trend to desert dunes (Ewing and Kocurek, 2010) suggesting that blowouts have similar self-organizing rules as aeolian accumulative landforms (Kocurek and Ewing, 2005) . From our data it would appear that medium-and large-sized blowouts are generally aligned from northwest-southeast (NW-SE) or west-northwest-eastsoutheast (WNW-ESE) (77% of those measured in these size categories). This indicates that as blowouts develop and mature the orientations become more concentrated and stable at a regional level. This evolution is also consistent with the trend of desert sand dunes observed by Ewing et al. (2006) . The reasons for this phenomenon are mainly due to the small blowouts' unstable shape, dramatically influenced by external environmental conditions. However, the shape of medium and large blowouts is stable, producing a uniform trend after prolonged wind erosion. Mega-blowout length to width ratios show the highest values under the prevailing wind direction. This indicates that the effects of higher frequency wind events on blowouts geomorphology are significant. This is in accordance with Jungerius et al.'s (1991) and Jungerius and Meulen (1989) monitoring results in coastal dune blowouts in the Netherlands. They observed the phenomenon that high frequency climate events had the most obvious effect on the evolution of blowouts under different wind regimes.
As essentially a 'closed system', sand released from the deflation basin accumulates downwind in the deposition lobe, except for a small amount of fine dust which can be transported and deposited much further away (Hugenholtz and Wolfe, 2006) . Therefore, it could be expected that the area of the deposition lobe should increase as the area of the deflation basin also increases. Our results, however, revealed that the area ratio of the deposition lobe and the deflation basin (S /A) decreased as the area of the blowouts increased (Figure 7 ). This can be explained by changes to the aeolian transport dynamic process as blowouts develop. In the initial stages, the sand entrained by the wind from the deflation basin form a sheet along the wind direction. As sand is deposited on the deposition lobe the original vegetated surface is buried and replaced by sand. This reduces the surface roughness, increases the fetch distance of aeolian sand transport and through a positive feedback allows eroded sand to be more easily transport on the depositional lobe and deposited further along it. At this stage, the deposition lobe area of a blowout commonly is far greater than the deflation basin resulting in a large ratio of these two parameters. However, as the size of the blowouts enlarges, the total amount of sand released from the blowout deflation basin increased, promoting sand accretion on the deposition lobe leading to the formation of a transverse dune (Dong et al., 2007) . The topographical effect of the dune changes the carrying ca- pacity of the wind and the mass balance within the blowouts (Hugenholtz and Wolfe, 2006; Hesp et al., 2016) . The dunes therefore reduce the distance over which sand is transported limiting the expansion in size of the depositional lobe. As a result, the ratio of the area between the deflation basin and sand deposition lobe is reduced.
Development processes
Previous researchers have attempted to identify different stages of blowout development (Gares and Nordstrom, 1995; Hesp, 2002) . They suggest that blowouts may evolve in various ways, the pattern depending on wind speeds, dominant wind direction, vegetation types and revegetation processes and potential, magnitude and occurrence of beach/dune erosion and storm events, and barrier/beach status (receding, stable, prograding). Hesp et al. (2016) also found that the Cape Cod beach dune blowout evolution may tend to follow multiple stages, which is quite different to those observed elsewhere. With such a large dataset encompassing a wide range of blowout sizes and shape, the QTP results also provide some insight into how blowouts expand through time. It is clear that the blowout length to width ratios increase with area as blowout size increases from small to medium before reaching a plateau for mega-blowouts (Figure 8 ). This developmental feature is also consistent with the deformation trend described by Livingstone and Warren (1996) and Cooper (1958) . In the early stage of development, due to the 'narrow tube effect', the high frequency turbulence airflow promotes blowout growth in the long axis so that the length to width ratio also increases. However, the blowouts also widen and deepen with maturity. Side wall collapse supplies more sand, which is entrained by laterally deflected winds outside the blowouts where it can settle on the top of the downwind deposition lobe. This change in deflation basin flow circulation leads to blowouts more oriented with the lateral expansion.
Whilst triggers may vary from area to area within northeastern QTP, this affects only the earlier stages of blowout formation. Focusing on a single area and only on blowouts found in the high alpine area we propose that the development of inland blowouts passes through the following key stages (Figure 9 ):
(1) Embryonic stage: In this stage only sand patches take place (A < 100 m 2 , length to width ratio around 1.0), with disparate orientations and are recognized as the embryonic stage of the blowouts. Sand patches are small, flat to very shallow unvegetated areas, a direct response to the original vegetated surface being disrupted by wind erosion, human and animal activities. With a disrupted surface, the underlying aeolian sand becomes subjected to erosion. (2) Initial stages: Through the deepening and expansion of the deflationary area reduced surface friction enhancing the erodibility of underlying sand causing sand patches to deepen and expanded to generate shallow and semicircular-shaped saucer and bowl-shaped deeper basins with marked erosional rims (100 m 2 < A < 1000 m 2 , length to width ratio 1.0-2.0). In this initial stage, the blowouts are small sized and still immature, have no obvious stable morphological features and deposition lobes. (3) Adolescent stage: With the continuing further deepening the expansion saucer and bowl blowouts will extend rapidly both in the lateral and vertical direction, and some small blowouts will merge together to form medium-sized trough blowouts (1000 m 2 < A < 10000 m 2 , length to width ratio 2.0-3.0). In this stage, the blowout side wall and head wall become steeper and a downwind narrow long deposition lobe along the prevailing wind is always visible. Blowout's marginal growth in this stage always extends rapidly according to our field monitoring. (4) Mature stage: Localized high velocity and turbulent airflow in the deep deflation pan within trough blowout in stage 3 promotes the collapse of the side wall, inducing complexed form-flow interaction. At this stage some neighbouring medium sized blowouts may continue merging and finally enlarge into a mega sized trough blowout (A > 10 000 m 2 , length to width ratio 2.0-5.6). The blowout morphology reaches its prime status with established depositional aprons and with transverse dunes. Blowouts in this stage relatively show stable external features, marginal erosion is still more predominant than the vertical deepening.
In the coastal regions, many blowouts become larger overtime and may evolve into parabolic dunes (Hesp and Hyde, 1996; Hesp, 2002) . Blowouts can also advance through evolutionary stages from erosional notches, to incipient blowouts, to large blowouts, to decaying and revegetating blowouts (Gares and Nordstrom, 1995) . In the QTP, however, no obvious parabolic dunes were found during our field survey and monitoring. This may be due to the lack of shrubs and low grass growth rates due to the low temperatures and high altitude limiting sand capture once the depositional lobes start to spread downwind on to grass land.
Conclusions
This work documents extensive blowouts in QTP, some of which are of a mega-size. It also shows that regional differences exist in both the morphology of the blowouts and in the control factors that create them. The development of the QTP blowouts can be divided into four stages (embryonic, initial, adolescent and mature), representing different levels of maturity. The blowout morphological parameters reflect a strong relationship both with wind direction and recent climate changes which have caused surface disturbance of vegetation and sediments. Initial dating results reveal that blowouts formed 100 to 500 years ago, coinciding with the LIA when winds are thought to have been more intense and a drought is known to have occurred. Further research using continued field morphological monitoring and detailed dating work at the regional scale is required to better understand both the initiation mechanisms and the relationships between blowouts, climate change and human activities.
